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A B S T R A C T

Objectives: The presence of obesity may confound cholecalciferol dosing in vitamin D�deficient patients
owing to potentially decreased bioavailability. The aim of this retrospective study was to evaluate cholecal-
ciferol therapy in vitamin D-deficient, critically ill trauma patients with and without obesity.
Methods: Adult patients with severe traumatic injuries who had a serum 25-hydroxyvitamin D (25-OH vit D)
<50 nmol/L were prescribed 10 000 IU of liquid cholecalciferol daily. Efficacy was defined as achievement of
a 25-OH vit D of 75 to 200 nmol/L. Safety was evaluated by the presence of hypercalcemia (serum ionized cal-
cium >1.32 mmol/L). Fifty-three patients (18 obese, 35 non-obese) were identified for study.
Results: Despite similar baseline concentrations (36 § 7 versus 37 § 7 nmol/L; P = NS), 25-OH vit D response
was attenuated for those with obesity after 1 and 2 wk of cholecalciferol therapy (51 § 18 versus 66 §
27 nmol/L, P < 0.01; 68 § 19 versus 92 § 25 nmol/L, P < 0.01, respectively). Patients with obesity also tended
to experience less hypercalcemia (22% versus 49% of patients, respectively) post-cholecalciferol therapy.
Conclusion: Obesity alters the response to cholecalciferol therapy in critically ill patients with severe trau-
matic injuries.

© 2019 Elsevier Inc. All rights reserved.
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Introduction

A growing body of evidence indicates that vitamin D deficiency is
prevalent among the critically ill [1�4]. Vitamin D deficiency in criti-
cally ill patients has been associated with worsened clinical outcomes,
including increased risk for infectious complications, lengthened hospi-
tal stay, and worsened mortality [1�12]. Three-fourths of critically ill
patients with traumatic injuries admitted to the intensive care unit
(ICU) at our institution exhibit a serum 25-hydroxyvitamin D concen-
tration (25-OH vit D) <50 nmol/L (20 ng/mL) [3], are highly catabolic
[13,14], have a prolonged ICU length of stay (LOS) [13�15], and are
susceptible to infections and surgical complications [13�15]. Prelimi-
nary evidence suggests cholecalciferol supplementation in critically ill
patients with severe vitamin D deficiency or in vitamin D-deficient
patients with a prolonged ICU LOS reduces hospital mortality [16,17].
Thus, these patient populations may represent subpopulations of criti-
cally ill patients whereby identification of vitamin D deficiency and its
subsequent treatment could be of potential clinical relevance. How-
ever, defining the most appropriate dosage, particularly in obese
patients, can be problematic. Obesity presents as a pharmacologic chal-
lenge because individuals with obesity have demonstrated decreased
bioavailability when given daily maintenance doses of vitamin D
[18,19]. The effects of obesity on vitamin D response to daily cholecal-
ciferol therapy in critically ill patients has not been evaluated. Because
obesity is prevalent in »30% of ICU patients in the United States
[14,20], evaluation of cholecalciferol dosing is warranted. The purpose
of this study was to assess the influence of obesity on the efficacy and
safety of a fixed cholecalciferol dosage in critically ill trauma patients
with a serum 25-OH vit D concentration<50 nmol/L (20 ng/mL).

Materials and methods

Study population and design

Adult patients (>17 y of age), admitted to the trauma ICU of the Presley
Memorial Trauma Center in Memphis, TN, and referred to the Nutrition Support
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Service (NSS) for enteral nutrition (EN), who also received daily cholecalciferol
therapy were retrospectively evaluated for study inclusion. Patients with a serum
25-OH vit D concentration <50 nmol/L (20 ng/mL) were prescribed 10 000 IU/d of
liquid cholecalciferol via the feeding tube as part of the routine practice of the NSS.
Patients were excluded from evaluation if less than two serial weekly serum
25-OH vit D measurements were done or if the patients required hemodialysis or
renal replacement therapy; had a past medical history of cancer with bone metas-
tases; had a history of bone disease with receipt of vitamin D, calcium, or
bisphosphonate therapy; had chronic granuloma-forming disorders such as tuber-
culosis or sarcoidosis; could not receive EN or oral medications; or had received
parenteral nutrition (PN) for �10 d. Pregnant women also were excluded.

Study candidates were identified from the NSS monitoring records. The
patient's electronic medical record and NSS monitoring record were retrospec-
tively reviewed for data retrieval. The study was approved and conducted in accor-
dance with the guidelines established by the University of Tennessee Health
Science Center Institutional Review Board and Regional One Health Office of Medi-
cal Research. The need for written informed consent was waived.

Nutritional management

Patients were preferentially given EN by a naso- or orogastric tube. An esti-
mated preresuscitation body weight was used to determine target nutrition goals
whenever possible. Patients were categorized as having obesity as evidenced by a
body mass index (BMI) of �30 kg/m2 [21]. Target daily caloric and protein intakes
for the non-obese patients were 25 to 32 kcal/kg and 2 to 2.5 g/kg, respectively
[13]. Caloric and protein intakes for patients with obesity were dosed based on cal-
culated ideal body weight [22] with an intended daily caloric and protein goal of
�25 and 2 to 2.5 g/kg, respectively [21]. If the patient's estimated injury severity
score [23] was >20, an enteral formula containing glutamine, arginine, and fish oil
(1.3 kcal/mL, 78 g protein/L) was initiated [15]. Otherwise, patients received a con-
ventional polymeric (1 kcal/mL, 62 g protein/L), high-protein (1 kcal/mL, 93 g pro-
tein/L), or diabetic (1.2 kcal/mL, 60 g protein/L) formula. Liquid protein
supplements were also given. The feeding was advanced over 2 to 3 d to achieve
the target regimen. Blood glucose concentrations were maintained between 70
and 150 mg/dL with insulin therapy when necessary [24,25].

Measured variables

An initial serum 25-OH vit D determination was performed within the first
several days after admission to the ICU and after fluid resuscitation in an effort to
avoid erroneously depressed serum 25-OH vit D concentrations [26]. Subsequent
serial serum 25-OH vit D determinations were obtained weekly in conjunction
with other laboratories (e.g., prealbumin, C-reactive protein, triacylglycerols, etc.)
Table 1
Patient demographic characteristics and serum laboratories

Variable
Obese

(BMI >30 kg/m2)
Non-Obese

(BMI <30 kg/m2) P-value

N 18 35
Male/Female 12/6 24/11 0.865
Race
Black, n 8 15 0.994
White, n 9 18
Hispanic/other, n 1 2

Age, y 44 § 15 41 § 14 0.433
Admission diagnosis
MVC, n 12 27 0.690
GSW/KSW, n 3 3
Fall/Assault/Other, n 3 5

ISS 30 § 6 29 § 10 0.776
Traumatic brain injury, n (%) 9 (50) 22 (63) 0.545
BMI, kg/m2 37.4 § 7 24.3 § 2.9 0.001
Height, cm 173 § 10 176 § 9 0.181
Weight, kg 111 § 17 76 § 11 0.001
EtOH history, n (%) 5 (28) 6 (17) 0.478
Initial serum iCa, mmol/L 1.17 § 0.05 1.19 § 0.06 0.350
Initial WBC, cells/mm3 17.5 § 5.2 17.6 § 8.9 0.599
Initial Tmax°C 38.4 § 0.7 37.7 § 1.2 0.024
Serum C-reactive protein, mg/dL 26.8 § 4.1 22.3 § 11.3 0.240
Serum prealbumin, mg/L 71 § 36 82 § 42 0.293
Serum albumin, g/L 24 § 2 24 § 3 0.517

BMI, body mass index; EN, enteral nutrition; EtOH, ethanol abuse; GSW, gunshot
wound; iCa, ionized calcium concentration; ISS, injury severity score; KSW, knife
stab wound; MVC, motor vehicle crash; n, number of patients; PN, parenteral nutri-
tion; Tmax, maximum temperature; WBC, white blood cell count.
as ordered by the NSS as part of the patient's routine clinical care. Subsequent
sequential serum 25-OH vit D measurements were only done while the patient
received cholecalciferol during the patient's ICU stay. Serum ionized calcium con-
centrations (iCa) were also performed at least weekly but often done more fre-
quently as warranted by patient condition with the presence and treatment of
calcium abnormalities and follow-up evaluation [27,28].

Measurement of serum 25-OH vit D was conducted by the hospital laboratory
via an automated chemiluminescent microparticle immunoassay (Architect Sys-
tem, Abbott Laboratories, Abbott Park, IL, USA). Intra- and interassay coefficients of
variance were between 1.4% and 4.6% for concentrations ranging from 45 to
195 nmol/L (18�78 ng/mL). The minimal detection limit was 20 nmol/L (8 ng/mL).
Verification studies for accurate concentration determination ranged from 32 to
240 nmol/L (13�96 ng/mL) per the manufacturer's recommendation [29]. Mini-
mum concentrations were reported as <32 nmol/L (13 ng/mL) by the hospital lab-
oratory and recorded as 32 nmol/L (13 ng/mL) for this study.
Cholecalciferol therapy

Patients with vitamin D deficiency, defined as a serum 25-OH vit D<50 nmol/L
(20 ng/mL) [30], were given 10 000 IU/d of the liquid form of cholecalciferol (400
units/mL) per the feeding tube. Cholecalciferol therapy was discontinued when a
serum 25-OH vit D concentration >75 nmol/L (30 ng/mL) was achieved, the
patient was discharged from the ICU, EN was discontinued and an oral diet initi-
ated, the iCa was >1.32 mmol/L, or when the NSS signed off the patient case. Effi-
cacy of cholecalciferol therapy was defined as achievement of a serum 25-OH vit D
of 75 to 200 nmol/L (30�80 ng/mL). Safety of cholecalciferol therapy was evalu-
ated by the presence of hypercalcemia (iCa >1.32 mmol/L), severe hypercalcemia
(iCa >1.49 mmol/L), or hypervitaminosis D (serum 25-OH vit D concentration
>200 nmol/L [80 ng/mL]).
Statistical analysis

Data analysis was conducted using SigmaPlot for Windows, version 11.2
(Systat Software, Point Richmond, VA, USA). The significance testing and reported
probability values (P) were two-sided for all variables. P < 0.05 was established as
statistically significant. Continuous data were expressed as mean § SD. Data were
evaluated for normality of the distribution by the Shapiro�Wilk test. Differences
between groups were assessed using the Student's t test or Mann�Whitney U test
depending on the distribution of the data. Nominal data were analyzed using x2 or
Fisher exact test. Two-way analysis of variance with post hoc, pair-wise compari-
sons by the Student�Newman�Keuls method was used for comparing serial
serum 25-OH vit D concentrations between groups over time.
Results

Patient characteristics

Fifty-three patients (18 obese, 35 non-obese) were identified for
study. Most patients were male (68%), caucasian (51%), admitted to
the hospital owing to a motor vehicle collision (75%), and survived
(92%). Nearly all patients were ventilator dependent (98%) and had
an Injury Severity Score reflective of severe injury (Table 1). More
than 50% of the patients experienced traumatic brain injury.
Patients had an elevated white blood cell count, markedly elevated
serum C-reactive protein concentration, and depressed serum
albumin concentration (Table 1). Serum albumin concentrations
were similar between groups after 1 and 2 wk of cholecalciferol
therapy (27 § 6 g/L versus 29 § 4 g/L, P = 0.065 and 29 § 5 g/L ver-
sus 29 § 4 g/L, P = 0.767) for the obese and non-obese patients,
respectively. EN was begun 3 § 2 d after admission to the ICU for
both obese and non-obese groups, respectively (P = 0.640). More
patients with obesity required supplemental PN than the non-
obese owing to enteral feeding intolerance issues (28% versus 6%,
respectively; P = 0.03). Outside of body weight and BMI, there were
no clinically appreciable differences in patient characteristics
between the obese and non-obese groups. Details regarding
patient characteristics for the obese and non-obese patient groups
are given in Table 1.



Table 2
Cholecalciferol safety and efficacy

Variable
Obese (BMI
>30 kg/m2)

Non-obese
(BMI <30 kg/m2) P-value

N 18 35
Hospital day cholecalciferol started, d 6 § 2 7 § 5 0.864
Cholecalciferol therapy duration, d 15 § 5 12 § 5 0.046
Achieved 25-OH vit D >29.9 ng/mL
at 1 wk, n (%)

1 (6) 9 (26) 0.137

Achieved 25-OH vit D >29.9 ng/mL
at 2 wk, n (%)

5 (28) 20 (57) 0.082

iCa >1.32 mmol/L, n (%) 4 (22) 17 (49) 0.119
iCa >1.49 mmol/L, n (%) 0 (0) 2 (4) 0.543

25-OH vit D, serum 25-hydroxyvitamin D concentration; BMI, body mass index; iCa,
serum ionized calcium concentration.

Table 3
Clinical outcomes

Obese Non-obese
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Baseline serum 25-OH vit D concentrations were obtained on
hospital day 4 § 2 and 5 § 5 for the obese and non-obese groups,
respectively (P = 0.782). Despite a similar baseline serum 25-OH vit
D concentration between the obese and non-obese groups (36 §
7 nmol/L or 14.5 § 2.9 versus 37 § 7 nmol/L or 14.9 § 2.8 ng/mL,
P = 0.429), patients with obesity experienced an attenuated rise in
serum 25-OH vit D concentration compared with non-obese
patients at 1 and 2 wk after initiation of cholecalciferol therapy
(P < 0.001; Fig. 1). Serum 25-OH vit D concentrations were 25% §
4% and 32% § 6% lower for the obese patients than for the non-
obese at 1 and 2 wk, respectively. This difference in responsiveness
was not attributable to differences in the total number of doses
received during the observation period (10 § 3 versus 9 § 2 doses,
respectively, P = 0.391). More non-obese patients tended to achieve
a normal serum 25-OH vit D concentration than those with obesity
after 1 and 2 wk of cholecalciferol therapy (Table 2). None of the
patients experienced hypervitaminosis D. Patients with obesity
tended to experience less mild hypercalcemia and severe hypercal-
cemia than those without obesity; however, these trends did not
achieve statistical significance (Table 2). The maximum serum iCa
concentration occurred on hospital days 18 § 8 and 16 § 6 for
those with and without obesity, respectively (P = 0.317). Clinical
outcomes including survival, sepsis, ventilator days, ICU LOS, and
hospital LOS were similar between groups (Table 3).
Variable (BMI >30 kg/m2) (BMI <30 kg/m2) P-value

N 18 35
Survived, n (%) 16 (89) 33 (94) 0.598
Sepsis, n (%) 10 (56) 21 (60) 0.987
Ventilator days 18 § 14 17 § 9 0.590
ICU LOS, d 23 § 12 21 § 9 0.895
Hospital LOS, d 39 § 20 35 § 16 0.645

BMI, body mass index; ICU, intensive care unit; LOS, length of stay.
Discussion

Vitamin D deficiency, as defined by a serum 25-OH vit D con-
centration <50 nmol/L (20 ng/mL), occurred in 76% of 158 critically
ill patients with severe traumatic injuries who required a pro-
longed ICU stay and specialized nutrition support therapy [3].
Fig 1. Impact of obesity on serial serum 25-hydroxyvitamin D concentrations during chol
tion in ng/mL by 0.4. *P< 0.01 between groups.
This observation was important because serum 25-OH vit D con-
centrations <50 nmol/L (20 ng/mL) in critically ill patients has
been associated with an increased rate of infectious complications,
longer hospital LOS, and worsened mortality [1�3,5�12]. The plau-
sibility of vitamin D deficiency being associated with poorer out-
comes in critically ill patients relates to recent discoveries of
ecalciferol therapy (P< 0.001). To convert ng/mL to nmol/L, divide by the concentra-
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vitamin D's multiple pleotropic effects beyond calcium homeosta-
sis, bone health, and muscle function [31,32]. These discoveries
indicated that synthesis of 1,25 di-hydroxyvitamin D within
immune cells, derived from circulating 25-OH vit D, modulates the
innate immune and adaptive response at the integumentary bar-
rier sites to infectious pathogens by triggering production of cathe-
licidin and other antimicrobial peptides [33�35]. Because
epithelial barrier site infections, such as ventilator-associated
pneumonia, are common complications leading to death in »20%
of critically ill patients with severe traumatic injuries [36], treat-
ment of vitamin D deficiency in these patients may be a plausible
therapeutic intervention.

Obesity is a significant risk factor associated with the develop-
ment of vitamin D deficiency and appears independent of age, lati-
tude, exposure to sunlight, or a consistent dosage exposure to
ultraviolet irradiation [3,12,19,37�41]. There are numerous poten-
tial etiologies for the development of a lower serum 25-OH vit D
concentration in individuals with obesity [12,40]. One mechanism
is the simple sequestration of this fat-soluble vitamin into the
patients’ abundant adipose tissues. However, this proposed mecha-
nism is complicated by an imperfect inverse linear relationship
between serum vitamin D concentration and body weight. Thus, a
volumetric or dilutional model rather than sequestration may bet-
ter explain the depressed concentrations observed in obese
patients [41]. Overall, these potential compartmentally related
body mechanisms likely oversimplify the role of obesity in depress-
ing serum 25-OH vit D concentrations because adipokines, such as
leptin and adiponectin, may also alter vitamin D homeostasis [42].

Despite the propensity for patients with obesity to exhibit a lower
serum 25-OH vit D concentration than non-obese individuals, there
was no difference in baseline serum 25-OH vit D concentrations
before cholecalciferol therapy between critically ill obese and non-
obese patients in the present study (Fig. 1). This observation of equiv-
alent low serum concentrations of 25-OH vit D between the two
groups may be a signal of an activated immune system owing to
stress-related hormone and cytokine production, which in turn
causes a reprioritization of hepatic protein synthesis [43], resulting in
a decreased production of albumin and vitamin D�binding protein
[44]. In addition, augmented cytokine and counter-regulatory hor-
mone production during critical illness may result in a worsened abil-
ity to prevent renal vitamin D excretion [45], increased interstitial
extravasation via increased vascular permeability [44], upregulation
of the calcium-sensing receptor of the parathyroid gland causing a
decrease in parathyroid hormone production [46], and increased con-
sumption of vitamin D [35]. Evidence for a comparable activated
immune system between patient groups was reflected by similarity
in high injury severity scores, prevalence of patients with traumatic
brain injury and sepsis, an elevated C-reactive protein concentration,
an elevated white blood cell count, depressed serum prealbumin and
albumin concentrations, and prolonged ICU and hospital LOS (Tables
1 and 3). The observed low baseline concentrations in the present
study were not likely attributable to factitious hypovitaminosis D
owing to fluid resuscitation [26] because mean baseline observations
were conducted 4 to 5 d after ICU admission with no patients having
an observation sooner than 2 d after admission to the ICU. Taken
together, these data indicate that high patient acuity associated with
severe traumatic injuries most likely explained similar baseline serum
concentrations between the obese and non-obese patient groups.

Obesity may be a complicating factor in the development of an
appropriate therapeutic dosage regimen that served as the premise
for its evaluation in this study. Three-year administration of
4000 IU/d of cholecalciferol has been demonstrated to be safe with
minimal hypercalcemia (6% versus 3% for placebo) and efficacious
for achieving and maintaining plateau 25-OH vit D concentrations
near 100 nmol/L (40 ng/mL) in patients with advanced cardiac dis-
ease and a median BMI of 28 kg/m2 [47]. A fixed cholecalciferol
dosage of 10 000 IU/d was selected because it represents the rec-
ommended daily upper limit by the European Endocrine Society
[30] and because our intent was for short-term use while the
patient was in the ICU. This dosage was considered safe by the
European Endocrine Society because it did not cause hypercalce-
mia, hypercalciuria, or serum 25-OH vit D concentrations
>200 nmol/L (80 ng/mL) after 5 mo of therapy in healthy adults
[18,30,48]. Our data indicated that critically ill patients with obe-
sity had a significantly attenuated response to cholecalciferol ther-
apy with lower 25-OH vit D concentrations after 1 and 2 wk of
therapy than those critically ill patients without obesity (Fig. 1).
Less than one-third of patients with obesity compared with two-
thirds of non-obese patients had achieved a serum 25-OH vit D
concentration of 70 to 200 nmol/L (30�80 ng/mL) by the second
week of cholecalciferol therapy (Table 2).

The present findings that patients with obesity exhibit an atten-
uated response to cholecalciferol therapy concurs with others’
findings [18,19]. However, our study population differed from
these other studies that examined the effect of obesity in that we
examined serum 25-OH vit D response to cholecalciferol therapy
under the conditions of critical illness with severe traumatic inju-
ries as opposed to healthy, ambulatory obese and non-obese sub-
jects [18,19]. A 30% difference in body weight (111 versus 76 kg)
between the obese and non-obese groups implied that the
observed decreased 25-OH vit D concentration for the obese
patients may have been due to volumetric dilution [41] and fat
sequestration [19] as the principal volume of distribution determi-
nants in the pharmacokinetic interpretation of these data. How-
ever, adipokine-mediated alterations in vitamin D retention or
elimination as a contributing factor for the impaired response to
supplementation by those with obesity cannot be excluded.

To evaluate the safety of cholecalciferol therapy, we evaluated
patients for the presence of hypervitaminosis D or hypercalcemia.
None of the patients experienced a 25-OH vit D serum concentra-
tion >200 nmol/L (80 ng/mL), indicating avoidance of hypervita-
minosis D. Serum iCa concentrations tended to parallel the
observed pharmacokinetic response in that patients with obesity
tended to experience less hypercalcemia than the non-obese group
(22% versus 49%, respectively; Table 2). None of the patients with
obesity had an episode of severe hypercalcemia (>1.49 mmol/L)
during the observation period in contrast to 4% of the non-obese.
Although it may be argued that development of mild hypercalce-
mia is clinically irrelevant, the appearance of hypercalcemia with-
out hypervitaminosis D is concerning and conflicts with the safety
recommendations in current guidelines for the treatment of vita-
min D deficiency [30]. Our previous observation of calcium abnor-
malities in critically ill patients with traumatic injuries, conducted
before routine administration of cholecalciferol for patients with a
serum 25-OH vit D concentration <50 nmol/L (20 ng/mL), demon-
strated only a 6% incidence of mild hypercalcemia within the first
week after ICU admission [49]. Our previous investigation with dif-
fering doses of ergocalciferol indicated a 6%, 11%, and 26% inci-
dence of hypercalcemia [50]. This is in contrast to nearly 40% of
patients given cholecalciferol by the second or third week post-ICU
admission in this study. It is unclear why this adverse phenomenon
occurred, but saturation of vitamin D�binding protein and albumin
may have occurred (attributable to their decreased concentrations
during critical illness), which resulted in excessive 1,25 dihydroxy-
vitamin D production [51]. Alternatively, the hypercalcemia may
have been attributed to prolonged immobility or critical ill-
ness�associated metabolic bone disease [52]. Further evaluation of
this phenomenon is warranted.
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This study had limitations beyond its retrospective, single-center
design. There is controversy regarding what threshold concentration
best defines vitamin D deficiency. We used the European Endocrine
Society guidelines of a serum 25-OH vit D concentration of<50 nmol/L
(20 ng/mL) [30], whereas the Institute of Medicine recommends a
threshold serum concentration of <30 nmol/L (12 ng/mL) [53]. The
chemiluminescent microparticle immunoassay for 25-OH vit D lacks
precision at low serum concentrations. Lack of determination of serum
concentrations of vitamin D-binding protein, free 25-OH vit D, 1,25-
dihydroxyvitamin D, and parathyroid hormone concentrations could
have provided further insight regarding whether normal or elevated
free vitamin D concentrations were achieved (despite a low or normal
total serum concentration) and potentially may have provided an
explanation for those patients who experienced hypercalcemia. In
addition, steady-state serum 25-OH vit D concentrations were unlikely
achieved owing to daily variability in clinical status of the patients, a
short-term (2-wk) evaluation period, and a small number of dosage
omissions owing to enteral feeding intolerance or a surgical procedure.
The study sample size for the obese and non-obese groups was limited.
Finally, use of a standard dose, without adjustment for body weight,
may have contributed to the differences in the pharmacokinetic and
pharmacodynamic profiles between the groups.

Conclusions

Critically ill patients with severe traumatic injuries and obesity
exhibited an attenuated serum 25-OH vit D response to a standard-
ized dose of cholecalciferol compared with those without obesity.
Patients with obesity also tended to experience less hypercalcemia
than non-obese patients during cholecalciferol therapy. The pres-
ence of obesity alters the response to cholecalciferol therapy in
critically ill patients with severe traumatic injuries.
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